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Venezuelan equine encephalitis virus (VEEV) is an important human and equine pathogen in the Americas,
with widespread reoccurring epidemics extending from South America to the southern United States. Most
troubling, VEEV has been made into a weapon by several countries and is currently restricted by the Centers
for Disease Control and Prevention as a potential biological warfare and terrorism agent. To facilitate the
development of antiviral compounds, the structure of the nucleocapsid isolated from VEEV has been deter-
mined by electron cryomicroscopy and image reconstruction and represents the first three-dimensional struc-
ture of a nucleocapsid isolated from a single-stranded enveloped RNA virus. The isolated VEEV nucleocapsid
undergoes significant reorganization relative to its structure within VEEV. However, the isolated nucleocapsid
clearly exhibits T�4 icosahedral symmetry, and its characteristic nucleocapsid hexons and pentons are
preserved. The diameter of the isolated nucleocapsid is �11.5% larger than that of the nucleocapsid within
VEEV, with radial expansion being greatest near the hexons. Significantly, this is the first direct structural
evidence showing that a simple enveloped virus undergoes large conformational changes during maturation,
suggesting that the lipid bilayer and the transmembrane proteins of simple enveloped viruses provide the
energy necessary to reorganize the nucleocapsid during maturation.

Venezuelan equine encephalitis virus (VEEV; family Toga-
viridae, genus Alphavirus) is a single-stranded enveloped RNA
virus (10, 18, 31) that is transmitted between vertebrate hosts
by infected mosquitoes (25). VEEV (and related western and
eastern equine encephalitis viruses) is one of the leading
causes of viral encephalitis in humans and horses in the Amer-
icas. Human infection is highly debilitating, and neurological
disease develops in approximately 10% of human infections;
the overall mortality rate is �0.5%, typically due to fatal en-
cephalitis in children. VEEV was under active biological war-
fare and terrorist development in several countries and is cur-
rently restricted by the Centers for Disease Control and
Prevention as a “select agent” with potential biological warfare
and terrorist concerns. No antiviral drugs or widely available
human vaccine exists to combat this pathogen. Thus, an un-
derstanding of the structural changes that accompany VEEV
maturation may help in the development of novel antiviral
agents that interfere with the assembly and disassembly of
VEEV and other pathogenic enveloped viruses.

In addition to being a significant health threat, VEEV and

related alphaviruses are model systems for studying enveloped
virus structure, replication, and pathogenesis (4, 10, 15, 18, 19,
25, 31). Alphaviruses are simple T�4 icosahedral enveloped
viruses (4, 15, 18, 19) whose genome encodes four nonstruc-
tural and three main structural proteins (25). In the mature
virus, the dominant surface features are trimeric spikes con-
sisting of the envelope proteins and arranged on a T�4 lattice
(4, 8, 14, 18, 19). The capsid protein is arranged into hexons
and pentons on a T�4 lattice that complements the organiza-
tion of the envelope glycoproteins (4, 15, 18, 19). Before form-
ing the mature virus, the capsid protein interacts with viral
RNA to self-assemble nascent nucleocapsids in the cytosol of
the cell (6, 23), while the envelope proteins are targeted to the
plasma membrane. Specific interactions at the plasma mem-
brane between the nucleocapsid and the E2 envelope protein
(11, 27, 36) have been proposed to drive the budding of mature
virus from an infected cell (26). The mature virus can then
infect a host cell, after which fusion of the viral and cell mem-
branes uncoats the virus and releases the nucleocapsid into the
cytosol. Although the released nucleocapsid may exist as an
intact structure in the cytosol, it must allow for efficient disas-
sembly of its structure and the introduction of the viral genome
into the cytosol. The molecular details of this cycle of assembly,
budding, infection, uncoating, and genome release remain
largely unknown. However, it is becoming clear that many

* Corresponding author. Mailing address: Department of Human
Biological Chemistry and Genetics, University of Texas Medical
Branch, Galveston, TX 77555-0645. Phone: (409) 747-4749. Fax: (409)
747-4745. E-mail: watowich@bloch.utmb.edu.

659



viruses undergo significant conformational rearrangements
during their life cycle, and direct structural evidence of capsid
reorganization during maturation has been obtained for sev-
eral nonenveloped icosahedral viruses (3, 12, 20, 24), envel-
oped nonicosahedral retroviruses (30), bacteriophages (2), and
herpesvirus (16, 29).

We report here the first determination of the structure of the
isolated nucleocapsid of a single-stranded enveloped RNA vi-
rus, VEEV, by electron cryomicroscopy (cryo-EM) and three-
dimensional image reconstruction. Significantly, the isolated
nucleocapsid of VEEV exhibits T�4 icosahedral symmetry
similar to the nucleocapsid symmetry observed in the mature
virus. However, the hexons and pentons are significantly reor-
ganized in the isolated nucleocapsid structure relative to the
nucleocapsid structure in the mature virus.

Purification of VEEV and nucleocapsids. VEEV is an ideal
model system for structural studies of enveloped RNA virus
assembly and maturation. High concentrations (�1012 to 1013

PFU ml�1) of VEEV were easily and reproducibly obtained as
described previously (18). In order to perform the described
experiments under biosafety level 2 conditions, attenuated vac-
cine strain TC-83 (13), derived from the Trinidad donkey
strain of VEEV, was used throughout this work. Strain TC-83
and its parent differ by single amino acid changes in the non-
structural P4 and E1 proteins and five amino acid changes in
the E2 protein (13); thus, the capsid and nucleocapsid struc-
tures are likely identical in these strains.

Homogeneous populations of isolated nucleocapsids were
generated from purified virus particles as follows. Virus was
suspended in 20 mM triethanolamine–100 mM NaCl and then
incubated with Triton X-100 (2% [vol/vol]). Suspensions were
applied to a 30 to 10% sucrose gradient in TEN buffer (10 mM
Tris [pH 8.1], 100 mM NaCl, 1 mM EDTA) and centrifuged at
100,000 � g. Fractions containing purified nucleocapsids were
pooled, concentrated on a 30% sucrose cushion in TEN buffer,
and centrifuged at 110,000 � g. Purified nucleocapsids were
suspended in TEN buffer for at least 24 h at 4°C. The only
protein detected in preparations of purified isolated nucleo-
capsids was the VEEV capsid protein, as assessed by Coomas-
sie blue staining (Fig. 1) and Western blotting (data not shown)
of nucleocapsids separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis. The major bands observed
after separation of the protein components of VEEV by SDS-
polyacrylamide gel electrophoresis corresponded to the struc-
tural proteins of the virus (Fig. 1).

Image reconstruction of VEEV and isolated nucleocapsids.
Cryo-EM and three-dimensional image reconstruction of
VEEV were done as described previously (18). Cryo-EM of
both whole-virus and purified isolated nucleocapsids produced
images suitable for three-dimensional computer-aided recon-
structions (Fig. 2). Tobacco mosaic virus (TMV) was used as a
magnification standard to accurately determine the sizes of the
VEEV and isolated nucleocapsid structures. The J1 layer line
of the Fourier transform of TMV images, located at 22.9 Å,
was used to determine the exact magnification of the electron
micrographs of the VEEV and isolated nucleocapsids.

Reconstruction of isolated nucleocapsids was performed by
using hierarchical wavelet transformation and projection
matching to determine particle orientations (21, 22). To pre-
vent convergence to a local minimum, a 0.5° angular grid was

used to generate the projections for matching. An assessment
quality factor from the projection matching was used to retain
only the best orientations for further refinement by the cross-
common line method (19). Structural comparisons of whole-
virus and isolated nucleocapsids were performed on recon-
structions calculated at equivalent resolutions. Maps were
contoured on the assumption of an average protein density of
1.325 g/cm3.

Structural plasticity of the nucleocapsid. The isolated nu-
cleocapsid measured �420 Å in diameter, �10% larger than
the �384-Å diameter of the nucleocapsid determined from the
three-dimensional reconstruction of infectious whole VEEV
(18). These measurements are consistent with average particle
diameters subsequently calculated from the reconstructions of
the viral and isolated nucleocapsids. The structure of the iso-
lated nucleocapsid clearly shows T�4 icosahedral symmetry
(Fig. 3), in agreement with an earlier suggestion (7). However,
the mass densities in the capsomeres of the isolated nucleo-
capsid are significantly rearranged relative to those in the cap-
someres within the whole-virus nucleocapsid (Fig. 3). In the
isolated nucleocapsid, capsid proteins are arranged into pen-
tons and quasihexons, and this organization is a hallmark of
nucleocapsid structure within mature alphaviruses (4, 15, 18,
19). The radial expansion observed in the isolated nucleocap-
sid occurs nonisotropically, with the hexons being pushed out-
ward and the pentons being essentially unchanged relative to
their radial positions in the whole-virus nucleocapsid (Fig. 3).
This radial expansion of the hexons may allow for more rota-

FIG. 1. Protein compositions of purified isolated nucleocapsids and
VEEV. Purified particles were denatured in SDS sample buffer, sep-
arated on a 12% polyacrylamide– SDS gel under reducing conditions,
and visualized by Coomassie blue staining. The only band observed in
the nucleocapsid sample corresponded to the capsid protein, while the
major bands in the VEEV sample corresponded to the E1, E2, and
capsid structural proteins. Protein identities were confirmed by West-
ern blot analysis (data not shown). The minor band migrating above 97
kDa corresponded to the E2 protein, as confirmed by N-terminal
sequencing, Western blot analysis, and mass spectroscopy (data not
shown).
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tional and lateral movements of the component capsid proteins
within the isolated nucleocapsid.

In the isolated nucleocapsid, removal of the envelope pro-
teins and lipid bilayer releases the nucleocapsid from these
molecular constraints, thereby allowing it to freely expand.
This expansion likely results in increased intermolecular dis-
tances between the capsid proteins that form the pentons
and/or hexons (i.e., an expansion of the pentons and hexons)
and/or increased distances between the pentons and the hex-
ons that form the nucleocapsid structure. Increasing the dis-
tance between the capsid proteins likely destabilizes the iso-
lated nucleocapsid, thus making its icosahedral symmetry less
defined and its structure more plastic than those of the mature-
virus nucleocapsid. However, the T�4 icosahedral symmetry
observed in the isolated nucleocapsid implies that the capsid
protein and viral RNA are sufficient to self-assemble into an
icosahedral particle. Indeed, single-stranded RNA and puri-
fied capsid protein can self-assemble into nucleocapsid-like
particles in vitro (28, 32, 34), although the structures of these
particles are unknown.

The pentons retain their distinct shape in the isolated nu-
cleocapsid, with their vertices clearly defined. Each vertex is
postulated to be formed from the capsid C-terminal domain
(CCD) (4). The pentons are oriented similarly in both isolated

and mature-virus nucleocapsids, with their vertices directed
toward the icosahedral threefold axis. The similar penton
structures likely reflect the orientational constraints present in
the nucleocapsid. In contrast, the hexons (which lie on a true
twofold axis and adopt a quasisixfold structure) are signifi-
cantly modified in the isolated nucleocapsid relative to the
mature-virus nucleocapsid. Although six distinct projections
(each corresponding to a CCD protein) are present in the
isolated nucleocapsid, these projections are skewed from the
hexon positions observed in the mature-virus nucleocapsid. In
the isolated nucleocapsid, the hexon CCDs form three closely
spaced projections, which are arranged on either side of a
plane perpendicular to the twofold axis. This hexon skewing is
similar to the “shear” dislocation observed during the matura-
tion of herpesvirus (16) and many nonenveloped viruses, in-
cluding bacteriophages and poliovirus (1, 5); in all cases, the
shear occurs along an axis oblique to the icosahedral twofold
axis. In addition, the density connecting the projections across
this plane is narrowed relative to the density connecting the
projections within this plane (Fig. 3). The CCD projections in
the isolated nucleocapsid are displaced outward and above the
density connecting the projections, resulting in the outer sur-
face of the hexons adopting a trough or V-like structure. In
contrast, the outer surface of the hexons in the mature-virus

FIG. 2. Representative micrographs from cryo-EM of purified particles suitable for three-dimensional image reconstruction. (A) Electron
cryomicrograph of purified VEEV. The particles were predominantly spherical and measured �680 Å in diameter. A small number of virus
particles (�1%) showed nonstandard conformations, in that they swelled larger than normal size (�800 Å) or seemed to disintegrate spontane-
ously, releasing their nucleocapsids. These were not used in subsequent reconstructions and are typical of the purification process (17).
(B) Electron cryomicrograph of purified isolated nucleocapsids from VEEV. The isolated nucleocapsid fields contained intact nucleocapsids in
high concentrations and of uniform sizes and were devoid of contaminating whole virus. Images of the nucleocapsids demonstrate that the core
of the virus is an approximately spherical dense body without clearly discernible features. Both VEEV and isolated nucleocapsids were embedded
in vitreous ice and transferred to the cold stage of a JEOL 1200 electron cryomicroscope maintained at �164°C. Images were recorded at 100 keV.
Scale bar, 100 nm.
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nucleocapsid appear relatively flat. The CCD projection that is
directed toward the threefold axis in the mature-virus nucleo-
capsid appears to have shifted toward the pseudothreefold axis
in the isolated nucleocapsid, leaving an apparent clearing
around the threefold axis (Fig. 3). The hexon reorganization
observed in the isolated nucleocapsid likely reflects the greater
spatial freedom of the hexon capsid proteins in this nucleocap-
sid.

Conformational rearrangements between isolated and ma-
ture-virus nucleocapsids extend from the outer nucleocapsid
surface to the interior of the nucleocapsid (Fig. 3 and 4). The
base of the nucleocapsid below the CCD projections (green in
Fig. 3; radial depth, �175 Å) is heavily fissured in the isolated
nucleocapsid and relatively smooth in the mature-virus nucleo-
capsid, suggesting that the N-terminal region of the capsid
protein undergoes numerous rearrangements upon removal of
the envelope proteins and lipid bilayer. Of note are the 32-Å-
diameter holes that appear at the base of the hexon centers,
which are large enough to allow the passage of small proteins
into the interior of the isolated nucleocapsid. Since isolated
nucleocapsids are RNase sensitive, these holes may be portals
through which the viral RNA genome is accessed (6; M.
Lorinczi and S. J. Watowich, personal communication).

The inner surface of the isolated nucleocapsid (radial depth,
�130 Å) is more knurled than the corresponding inner surface
of the mature-virus nucleocapsid (Fig. 4A and B). Protuber-
ances in the isolated nucleocapsid are more prominent, par-
ticularly in the region around the icosahedral fivefold axis,
where five counterclockwise pinwheel ridges emanate. In con-
trast, the corresponding region in the mature-virus nucleocap-
sid displays a small star-like indentation and a smoother, uni-
form density at the inner surface. In addition, the isolated
nucleocapsid has significantly less density around its inner sur-

face threefold axis than does the mature-virus nucleocapsid. It
appears that this region in the isolated nucleocapsid expands to
expose holes which transverse the nucleocapsid thickness.
Thus, the difference between isolated and mature-virus nucleo-
capsids can be viewed as a redistribution of density from the
region around the icosahedral threefold axis to the region
around the fivefold axis and suggests that the capsid protein
and viral genome undergo large concerted rearrangements
when the nucleocapsid is released from constraints imposed by
the lipid bilayer.

Cross-sections through the mature-virus nucleocapsid (Fig.
4D) show a distinct angular hexagonal outline (characteristic
of an icosahedral polyhedron) that delineates the inner surface
of the nucleocapsid. In contrast, cross-sections through the
isolated nucleocapsid (Fig. 4C) show its inner surface to have
a more rounded shape. This distortion results from the noniso-
tropic expansion of the isolated nucleocapsid relative to the
mature-virus nucleocapsid and the redistribution of density
that occurs throughout the inner surface of the nucleocapsid.
Interestingly, similar transitions from rounded to more angular
particles have been observed during the maturation of nonen-
veloped bacteriophage P22 (35) and Nudaurelia capensis �
virus (3). However, for bacteriophage P22, this transition is
associated with particle expansion, not compression. In addi-
tion, there is an obvious thickening of the capsid layer of the
isolated nucleocapsid relative to the mature-virus nucleocapsid
(Fig. 4C and D). The nucleocapsid shell, calculated from radial
density plots, extends radially from 133 to 192 Å for the ma-
ture-virus nucleocapsid and 115 to 210 Å for the isolated nu-
cleocapsid. The thickening and corresponding �64% increase
in the shell volume of the isolated nucleocapsid relative to the
mature-virus nucleocapsid likely result from a decrease in the
packing density of the nucleocapsid lattice or the association of

FIG. 3. Structure of VEEV nucleocapsids determined from image reconstructions of electron cryomicrographs. (A) Isosurface representation
of an isolated nucleocapsid viewed along a threefold symmetry axis. (B) Isosurface representation of a mature-virus nucleocapsid viewed along a
threefold symmetry axis. Images are color coded by radial depth, as shown in the linear scale bar. Isolated and mature-virus nucleocapsids were
reconstructed to resolutions of 28 and 25 Å, respectively, as determined by the Fourier shell correlation coefficient, where a value of 0.5 was used
to assign the resolution limit. Reconstructions were contoured on the assumption of an average protein density of 1.325 g/cm3.
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additional ordered viral RNA. Varying the contour level
slightly above and below 1.325 g/cm3 did not significantly alter
the observed structural differences between isolated and ma-
ture-virus nucleocapids.

In summary, we have provided the first structural insights
into the disassembly mechanism of simple enveloped viruses.
Removal of the envelope proteins and lipid bilayer from the
enveloped virus likely mimics a metastable post-viral nucleo-
capsid state that exists following fusion between viral and cell
endosomal membranes. Although significant rearrangements
of the nucleocapsid occur following envelope protein and lipid
bilayer removal, the isolated nucleocapsid clearly demon-
strates that the capsid protein and viral RNA are sufficient for
T�4 icosahedral symmetry. Relative to the mature-virus nu-
cleocapsid, the isolated nucleocapsid has a less ordered, more
rounded, and more expanded structure, skewed hexons, and

density redistributed from the threefold to the fivefold axis.
Intriguingly, these changes demonstrate that the lipid bilayer
and possibly the envelope proteins provide the necessary en-
ergy to constrain and stabilize the nucleocapsid in a com-
pressed state. Thus, removal of the lipid bilayer from the virus
after its entry into a host cell releases an expanding metastable
nucleocapsid into the cytosol of the cell, perhaps facilitating
nucleocapsid disassembly and genome release by additional
cellular factors (9, 33). In addition, similar nucleocapsid rear-
rangements likely occur during the maturation of newly assem-
bled nucleocapsids and their subsequent budding as mature
viruses. The rearrangements observed for VEEV are analo-
gous to the conformational changes observed during nonen-
veloped virus maturation and disassembly, suggesting that di-
verse viruses have evolved similar strategies to regulate their

FIG. 4. Structure of the inner surface of VEEV nucleocapsids determined from image reconstructions of electron cryomicrographs. (A) Iso-
surface representation of an isolated nucleocapsid viewed from the interior of the nucleocapsid along a threefold symmetry axis. (B) Isosurface
representation of a mature-virus nucleocapsid viewed from the interior of the nucleocapsid along a threefold symmetry axis. Panels A and B are
rotated 180° about a central horizontal axis from the views shown in Fig. 3A and B, respectively. (C) Cross-section of an isolated nucleocapsid.
(D) Cross-section of a mature-virus nucleocapsid. Cross-sectional slices are �55 Å thick, cut perpendicular to the threefold axis, and in plane with
a vertical fivefold axis. In all panels, the reconstructed electron density maps had the central disordered RNA region removed at a radial distance
of 130 Å, thus exposing the inner surface of the nucleocapsid. Images are color coded by radial depth, as shown in the linear scale bar.
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maturation and thus survive the changing environments that
attend their replication cycle.
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